Hafnium silicon oxynitride ͑HfSiON͒ is one of the promising alternative gate dielectric materials because of its excellent thermal stability and good compatibility with the conventional poly-Si gate process.
1-3 However, a conventional poly-Si gate has disadvantages, such as poly-depletion effect, boron penetration, and high resistance. In addition, Fermi-level pinning of poly-Si on HfO 2 has been reported. 4 Recently, a fully Ni-silicided gate electrode has been demonstrated to have good process compatibility with a conventional poly-Si-based metal-oxide-semiconductor ͑MOS͒ process and good dopant-induced work-function tunability. 5, 6 Kedzierski et al. reported that the NiSi work-function shift was induced by the silicidation-induced impurity segregation. 6 It should be noted that these works were done on conventional silicon dioxide ͑SiO 2 ͒ gate dielectrics. So far, there are no reports on how the Ni-silicide phase affects the flatband voltage of high-k devices. In this Letter, the electrical characteristics of the fully Ni-silicided gate electrode HfSiON MOS capacitors ͑MOSCAP͒ with different Ni-silicide phases will be reported. Various dielectric structures were used. The effects of the phase of Ni silicide on the accumulation capacitance of the HfSiON MOSCAP structure will be also addressed.
Three kinds of gate dielectric films were prepared: ͑i͒ HfSiON films ͑4.1-nm thick͒ prepared by metalorganic chemical-vapor deposition ͑MOCVD͒ HfSiO with 1 nm ozone-treated interfacial oxide followed by NH 3 thermal treatment, ͑ii͒ control HfO 2 samples ͑7-nm thick͒ were prepared by reactive sputtering method, ͑iii͒ control thermal SiO 2 structures with a thickness of 3.8 nm. The postdeposition annealing ͑PDA͒ conditions were performed at 700°C in NH 3 ambient for the HfSiON and 500°C in N 2 ambient for the control HfO 2 . Undoped poly-Si ͑80 nm͒ was deposited using a low-pressure chemical-vapor deposition ͑LPCVD͒ process. After gate patterning, various thicknesses of Ni films were deposited and annealed at 550°C for silicidation. Unreacted Ni was stripped using a chemical solution. Before electrical measurement, all the samples were passivated using forming gas annealing at 450°C. Capacitance-voltage ͑C-V͒ characteristics were measured and the flatband voltage ͑V fb ͒ and equivalent oxide thickness ͑EOT͒ were calculated using the CVC program.
7 X-ray diffraction ͑XRD͒ and transmission electron microscopy ͑TEM͒ analyses were used to investigate the phase analysis and interface structures. For XRD study, FUSI samples with different Ni-silicide phases were prepared on 100-nm SiO 2 layers. It is known that Ni silicide forms with a variety of composition, depending on the silicidation condition. 8 In some cases ͑e.g., 46 nm Ni͒, all the Ni is consumed during the silicidation process step and surplus Si remains. This is called the Ni-consumption case. In this case, there exist three different Ni-silicide phases ͑Ni 2 Si, NiSi, and NiSi 2 ͒, which depend on silicidation temperature. In the case of Si consumption ͑i.e., thick Ni film͒, a surplus of Ni remains after the silicidation. Three possible phases ͑Ni 2 Si, Ni 5 Si 2 , and Ni 3 Si͒ can be formed during the PDA stage. At temperatures above 550°C, it is known that the Ni 3 Si phase starts to be formed. In the case of Ni consumption, however, NiSi is the dominant phase at 550°C ͑Ref. 8͒. Sim et al. addressed that a Ni-rich fully silicided gate electrode ͑Ni 1.25 Si͒ was formed near the gate-SiO 2 interface using 60-nm-thick Ni metal on 80 nm of poly-Si ͑Ref. 5͒. That means that the phases of Ni silicide near the gate-dielectric interface for 71-nm-thick Ni samples can be different from those of 46-nm-thick Ni. For the former case, the composition was close to Ni 2 Si, which is the Si-deficient Ni-silicide phase.
XRD analysis results support that NiSi is the dominant phase in the case of the 46-nm-thick Ni structure ͑Fig. 2͒. For the 71-nm-thick Ni samples, the intensity for the Ni 2 Si phase is increased. This suggests that as the Ni thickness increases, the Si-deficient Ni-silicide phases would increase, especially near the gate-dielectric interface. The peak intensity for the main NiSi phase was dramatically decreased at the 146-nm Ni sample and the preferred phase was now Ni 5 Si 2 due to the Si-consumed silicide formation case. The Ni-silicide phase near the gate-dielectric interface region turned out to be Ni 3 Si from energy dispersive x-ray ͑EDX͒ analysis. Even though there exist different silicide phases at the gate-dielectric interface region, the V fb changes of the control HfO 2 and SiO 2 structures are negligible ͓Figs. 1͑a͒ and 3͔. These suggest that the metal work functions of various Ni-silicide phases are similar regardless of their phases.
In HfSiON structures, the V fb with the Ni 3 Si phase is close to that of the HfO 2 structure. V fb of HfSiON with the NiSi phase has −0.52 V, which is close to that of SiO 2 . These imply that there exists a reaction between Ni and Si from HfSiON. It is known that Si incorporation leads to negative fixed charge or neutralizes the pre-existing positive charge in dielectric layers. 3 As the Ni metal layer increases, the Si atoms in HfSiON diffused out to the Ni-silicide layer. This process led to an increase of the net amount of negative fixed charges in dielectric film. Therefore, this Si out diffusion induces the positive flatband shift. The increase of accumulated capacitance supports that Si atoms were dissociated from the HfSiON layer because this Si out diffusion increases the effective dielectric constant of the HfSiON films. 9 There are two possibilities in EOT increase of HfSiON, such as the physical thickness decrease and the dielectric constant increase due to Si dissociation from HfSiON or Ni indicates that the high-k layer composition is still HfSiON. In summary, this work reported that the fully Ni-silicided gate electrodes on the HfSiON dielectric resulted in a positive V fb shift and EOT decrease. The Si-deficient FUSI formation appeared to lead to Si dissociation from the HfSiON layer, which in turn resulted in a positive V FB shift and EOT decrease. However, no V fb shift and EOT decrease were observed in the case of control HfO 2 and SiO 2 samples. No physical thickness change was observed during the silicidation process. These results support that for HfSiON samples, Si atoms were diffused out and reacted with Ni atoms during the Si-consumed Ni-silicide formation process. In addition, this Si dissociation from the HfSiON layer increased the net amount of negative fixed charges, which led to a positive V fb shift.
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